Lysosomes are lined with a glycocalyx that protects the limiting membrane from the action of degradative enzymes. We tested the hypothesis that Niemann-Pick type C 1 (NPC1) protein aids the transfer of low density lipoprotein-derived cholesterol across this glycocalyx. A prediction of this model is that cells will be less dependent upon NPC1 if their glycocalyx is decreased in density. Lysosome cholesterol content was significantly lower after treatment of NPC1-deficient human fibroblasts with benzyl-2-acetamido-2-deoxy-α-D-galactopyranoside, an inhibitor of O-linked glycosylation. Direct biochemical measurement of cholesterol showed that lysosomes purified from NPC1-deficient fibroblasts contained at least 30% less cholesterol when O-linked glycosylation was blocked. As an independent means to modify protein glycosylation, we used Chinese hamster ovary ldl-D cells defective in UDP-Gal/UDP-GalNAc 4-epimerase in which N-and O-linked glycosylation can be controlled. CRISPR generated, NPC1-deficient ldl-D cells supplemented with galactose accumulated more cholesterol than those in which sugar addition was blocked. In the absence of galactose supplementation, NPC1-deficient ldl-D cells also transported more cholesterol from lysosomes to the endoplasmic reticulum, as monitored by an increase in cholesteryl [ 14 C]-oleate levels. These experiments support a model in which NPC1 protein functions to transfer cholesterol past a lysosomal glycocalyx.
Lysosomes are lined with a glycocalyx that protects the limiting membrane from the action of degradative enzymes. We tested the hypothesis that Niemann-Pick type C 1 (NPC1) protein aids the transfer of low density lipoprotein-derived cholesterol across this glycocalyx. A prediction of this model is that cells will be less dependent upon NPC1 if their glycocalyx is decreased in density. Lysosome cholesterol content was significantly lower after treatment of NPC1-deficient human fibroblasts with benzyl-2-acetamido-2-deoxy-α-D-galactopyranoside, an inhibitor of O-linked glycosylation. Direct biochemical measurement of cholesterol showed that lysosomes purified from NPC1-deficient fibroblasts contained at least 30% less cholesterol when O-linked glycosylation was blocked. As an independent means to modify protein glycosylation, we used Chinese hamster ovary ldl-D cells defective in UDP-Gal/UDP-GalNAc 4-epimerase in which N-and O-linked glycosylation can be controlled. CRISPR generated, NPC1-deficient ldl-D cells supplemented with galactose accumulated more cholesterol than those in which sugar addition was blocked. In the absence of galactose supplementation, NPC1-deficient ldl-D cells also transported more cholesterol from lysosomes to the endoplasmic reticulum, as monitored by an increase in cholesteryl [ 14 C]-oleate levels. These experiments support a model in which NPC1 protein functions to transfer cholesterol past a lysosomal glycocalyx.
cholesterol | lysosomal glycoprotein | lysosomal storage disease | glycocalyx L ow-density lipoprotein-derived cholesterol is delivered to cells by receptor-mediated endocytosis and transport to lysosomes. Within lysosomes, cholesterol esters are hydrolyzed and cholesterol is exported to the cytoplasm for cellular use (1) . Cholesterol export requires two lysosomal glycoproteins: NPC1 and NPC2 (2, 3) . Patients carrying homozygous mutations in either of these proteins present with Niemann-Pick type C (NPC) disease, a neurological disorder that is associated with massive accumulation of unesterified cholesterol and glycosphingolipids in lysosomes (2) (3) (4) .
NPC2 is a small, soluble, cholesterol binding protein that is thought to pick up cholesterol both from lipoprotein lipase and from the abundant, intralumenal membranes present within lysosomes (5, 6) . NPC1 is a much larger glycoprotein that contains 13 transmembrane domains and three, relatively large, lumenally oriented domains (2). NPC1's first (N-terminal), luminal domain binds cholesterol directly (7, 8) ; the second domain can bind NPC2 in a cholesterol-dependent manner and has been proposed to facilitate transfer of cholesterol from NPC2 onto NPC1's N-terminal domain (9) .
The requirement for NPC1 and NPC2 proteins for cholesterol export from lysosomes is somewhat enigmatic because cholesterol can generally partition freely into membrane bilayers (10) . The limiting membrane of lysosomes is lined predominantly by densely packed, highly glycosylated, lysosomal membrane proteins; their oligosaccharides are thought to protect the phospholipid bilayer from hydrolytic destruction (11, 12) . This glycoprotein coat can be visualized by electron microscopy and has an average thickness of about 8 nm (13) . It has been proposed that NPC1 is needed to help cholesterol traverse this glycocalyx (8) . A direct prediction of this model is that decreasing the lysosomal glycocalyx density should make cells less dependent on NPC1 function.
In this paper, we have used two approaches to modify the glycocalyx. Alteration of glycosylation decreases lysosomal cholesterol levels in NPC1-deficient Chinese hamster ovary (CHO) and human cells. These experiments support a model in which NPC1 protein functions to help cholesterol traverse the glycocalyx that lines the interior of lysosome limiting membranes.
Results and Discussion LAMP1 and LAMP2 proteins represent the major glycoproteins of the lysosome membrane (12) . These proteins are glycosylated on both asparagine residues (N linked) and serine or threonine residues (O linked), and their oligosaccharides contribute significantly to the structure of the lysosomal glycocalyx (11) . We sought to alter glycosylation to explore the role of the glycocalyx in lysosomal cholesterol export. Inhibition of total N-linked glycosylation using deoxymannojirimycin treatment was toxic for cells that were also lacking NPC1 function. We thus used subtler means to modify the glycocalyx and investigated the contributions of O-linked glycans to glycocalyx function.
Mucin type, O-linked glycosylation is initiated by the attachment of GalNAc to serine or threonine residues by one of 20 UDPGalNAc-polypeptidyl N-acetylgalactosaminyl-transferase enzymes to form the so-called Tn antigen; subsequent sugars are then attached, most commonly galactose or GlcNAc. These two core forms can be further modified by the addition of sugar units such as GlcNAc, galactose, fucose, and sialic acid (14) .
We first used benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (BADG), an analog of GalNAc-α-1-O-serine/threonine that acts as a competitive inhibitor to O-glycan chain extension (15, 16) . Because some cell lines accumulate cytotoxic, nonphysiological arylglycans after many days of BADG treatment (17), we used shorter incubations and monitored for LAMP1 level increases that can indicate this type of accumulation (16, 17) . BADG treatment altered the glycosylation of LAMP1 protein but did not affect its abundance, as monitored by immunoblot of NPC1-deficient, primary human fibroblasts (Fig. 1A) . CellProfiler software (18) was Significance Plasma lipoproteins carrying cholesteryl esters are taken up by low density lipoprotein receptors and delivered to lysosomes, where cholesterol is released and then exported for cellular use. Although cholesterol can partition freely between membranes, it does not freely partition out of lysosomes-NiemannPick type C 1 (NPC1) protein is required for cholesterol export. We show here that the requirement for NPC1 is decreased in cells containing lower levels of protein glycosylation. These data support a model in which NPC1 protein helps transfer cholesterol past the glycocalyx barrier that lines the interior of lysosomes.
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next used in conjunction with fluorescence microscopy to quantify the amount of filipin staining within LAMP2-positive lysosomes. Upon BADG treatment, lysosome-specific filipin staining decreased 44% (Fig. 1B) . To confirm that the staining observed represented cholesterol and not another potential filipin binding partner, we isolated a lysosome-enriched fraction from BADG-treated, NPCdeficient human fibroblasts and measured the cholesterol content directly using a cholesterol oxidase-based assay. Treatment of cells with BADG decreased cholesterol in isolated lysosomes (Fig. 1C) , consistent with the findings obtained using filipin staining. Finally, the differences observed did not appear to be due to minor differences in LDL receptor function, because similar decreases were observed for cells cultured in lipoprotein deficient serum (LPDS) for a 3-d period, as monitored by staining with fluorescent perfringolysin O* (PFO*) that binds to free cholesterol (19) (Fig. 1D ).
Cholesterol-filled lysosomes characteristic of NPC-deficient human fibroblasts show decreased motility and a more perinuclear localization (20) (21) (22) . We noted that in HeLa cells depleted of NPC1 protein using siRNA (Fig. 2) , BADG treatment increased lysosome number. In addition, BADG led to a less perinuclear distribution of lysosome-related structures in these cells as well as in fibroblasts from patients deficient in NPC1 function ( Fig. 2 B and C). The change in lysosome number is consistent with restoration of more physiological levels of lysosomal cholesterol.
To verify our findings by an independent method, we made use of CHO ldl-D cells to control protein glycosylation. CHO ldl-D cells lack UDP-Gal/UDP-GalNAc 4-epimerase activity, and thus cannot synthesize normal amounts of UDP-galactose and UDP-Nacetylgalactosamine from the corresponding glucose precursors (23) . Simple addition of galactose and GalNAc to the culture medium enables ldl-D cells to synthesize the UDP-sugar nucleotide precursors via salvage pathways and fully corrects all glycosylation defects (23) . Note that this protocol will impact both N-and O-linked glycosylation, both of which rely on these sugar nucleotide precursors. For these experiments, cells were maintained in 8 μM galactose and 100 μM N-acetylgalactosamine, and galactose was either removed or readded for 3 d before analysis. To test the impact of the glycocalyx on NPC1 protein function, we used CRISPR technology to generate NPC1-deficient CHO ldl-D cells. Immunoblotting of cell extracts confirmed the absence of NPC1 protein in these cells, compared with the parental cell line (Fig. 3A) .
Changes in glycosylation were readily detected in immunoblots of membrane glycoproteins from ldl-D cells grown with or without 8 μM galactose (Fig. 3A) . Both NPC1 and LAMP2 proteins showed increased mobility upon SDS/PAGE in cells cultured in the absence of galactose (Fig. 3A ) but returned to that of control cells when cells were supplemented with 8 μM galactose (Fig. 3A) . Note that as expected, LAMP2 levels increased in FBS-cultured cells lacking NPC1 (24); LAMP2 levels were lower in cells in which glycosylation was inhibited (0 μM gal), likely due to protein destabilization.
Cholesterol accumulation was tracked in CHO ldl-D cells using PFO* staining and the differences in accumulation were first quantified by flow cytometry. As expected, cells lacking NPC1 accumulated more cholesterol as monitored by PFO* staining; less was present in control CHO ldl-D cells supplemented with 0 μM or 8 μM galactose. Moreover, decreasing the extent of glycosylation by removal of galactose led to a significant decrease in cholesterol accumulation in NPC1-deficient CHO ldl-D cells (Fig. 3 B and C) . A slight decrease was also detected in wild-type ldl-D control cells starved of galactose, analyzed by flow cytometry; however, this trend was not adequately significant as the P value was 0.08 (Fig. 3B) .
Again, the decrease in lysosomal cholesterol in NPC1-deficient cells did not appear to be due to a loss in LDL receptor activity because the experiment was carried out after three days of culture in LPDS. Nevertheless, we tested LDL receptor activity directly by monitoring the ability of CHO ldl-D wild-type and NPC1-deficient ldl-D cells to endocytose bodipy-LDL, with or without 3 d galactose supplementation; ∼20,000 cells were analyzed by flow cytometry for each condition. As shown in Fig. 3D , NPC1-deficient cells showed 13% less LDL uptake per cell when cultured in 0 μM galactose compared with 8 μM galactose; wild-type cells also showed a similar decrease. NPC1-deficient cells showed higher overall LDL receptor activity, as expected for cells deficient in cholesterol transport from lysosomes to the endoplasmic reticulum (ER) (23) . This minor decrease in LDL uptake under glycosylation-deficient conditions is unlikely to explain the significantly reduced cholesterol storage observed.
Cholesterol accumulation in CHO ldl-D cells was also monitored by light microscopy. As expected, PFO*-stained control cells displayed a punctate lysosomal staining pattern; NPC1-deficient cells showed significantly increased cholesterol content (Fig. 4A) . Consistent with our earlier findings, quantitation of PFO* staining in cells visualized on coverslips confirmed that NPC1-deficient cells accumulated more cholesterol upon culture in 8 μM versus 0 μM galactose (Fig. 4 A and B) ; the levels of both were higher than those seen in the parental CHO ldl-D cells. No large difference was detected between control cells cultured ± galactose; however, it should be noted that the intensity of wild-type cell staining is at the lower limit of our range of sensitivity and many fewer cells were analyzed than in the flow cytometry experiments presented in Fig. 3 . Finally, analysis of the PFO*-labeled area revealed that NPC1-deficient CHO ldl-D cells contained smaller puncta (lysosomes) after culture in the absence of galactose, consistent with their decreased cholesterol content and apparently healthier physiological state (Fig. 4C) .
Cholesterol is exported from lysosomes to the ER, where it is esterified by acyl CoA: O-cholesterol acyltransferase (ACAT). LDL added to NPC1 mutant cells fails to increase ACAT-mediated cholesterol ester synthesis; cyclodextrin can overcome this block and permit cholesterol export to the ER (25, 26) . To show directly that lysosomal cholesterol export is improved in NPC1-deficient (Fig. 5) . Remarkably, omission of galactose from the NPC1-deficient ldl-D cell cultures led to an approximately fourfold increase in cholesteryl ester formation due to cholesterol export from lysosomes to the ER (Fig. 5) . This increase was seen despite a 13% decrease in LDL receptor activity, compared with NPC1-deficient cells grown in the presence of galactose (Fig. 3D) . Absence of NPC1 activity was still evident and consistent with the cholesterol accumulation still detected under these conditions (Fig. 4) .
In summary, we have shown here that altering the glycosylation of cellular glycoproteins influences the levels of cholesterol detected in lysosomes and its ability to be transported to the ER. Cells were less dependent on NPC1 function when glycosylation was modified by inhibition of O-GalNAc elongation or in the absence of UDP-Gal/UDP-GalNAc 4-epimerase activity.
Lysosomes are lined by a glycocalyx that seems to impede the spontaneous partitioning of cholesterol into the limiting membrane (11-13). The major glycoproteins that comprise the lysosome limiting membrane are highly glycosylated, and oligosaccharides on lysosomal glycoproteins contribute to their overall stability in cells. Our data suggest that altering the structure of this carbohydrate barrier facilitates the access of cholesterol to the membrane for export. Access could facilitate spontaneous transfer of cholesterol into the bilayer, or permit NPC2 protein to mediate direct delivery to lysosomal membranes.
At this stage, we cannot completely rule out other possible explanations for our findings. For example, Sugii et al. (27) showed that in NPC1 cells, acid lipase begins to act on LDL-derived cholesteryl esters in prelysosomal compartments. Perhaps conditions used here to thin the glycocalyx increase cholesteryl ester hydrolysis, permitting cholesterol to escape from compartments earlier in the endocytic pathway. Although formally possible, we consider this unlikely to explain much of the data presented here. In most experiments, cells were cultured without LDL for 3 d, and the glycocalyx could only be slowly thinned due to the very slow turnover of fully glycosylated lysosomal glycoproteins present at the start. Indeed, experiments monitoring the rate of glycosylation change of LAMP proteins showed that 3 d of culture was absolutely required to see complete glycosylation differences. Thus, the cholesterol changes monitored reflect cholesterol that had been endocytosed for at least 24 h-much more than enough time to reach the lysosome.
Another possibility is that under-glycosylation of an unknown lysosomal cholesterol transporter could enhance its activity. Note that such a hypothetical transporter would be inactive under conditions of normal glycosylation, or we (and others, refs. 25, 26) would have detected more cholesterol export to the ER in NPC1-deficient cells. Changes in the levels of sugar nucleotide glycosylation precursors could influence metabolism such that cells activate lysosome biogenesis. However, in the parental CHO ldl-D cells, we did not detect increases in the levels of LAMP2 or NPC1 proteins upon removal of galactose, inconsistent with this possibility. Finally, changes in the distribution or increased number of lysosomes may have in some way facilitated cholesterol export.
Kundra and Kornfeld (28) removed Asn-linked oligosaccharides from lysosomal membrane glycoproteins and found that Asn-linked glycans protect LAMP proteins from the action of proteases; they also found that LAMP1 and LAMP2 are not required for maintaining the acidic pH, density, membrane stability, or degradative capacity of lysosomes (28) . Similar findings were obtained upon analysis of LAMP1/LAMP2 double-deficient fibroblasts (29) . Lysosomes in double-deficient cells also accumulated significant amounts of lipid. Because of this abnormality, such cells could not be used to test the influence of LAMP1/2-specific oligosaccharides on NPC1 protein function. Why LAMP1/2-deficient cells lose their ability to support autophagy and also accumulate lipid represent important areas for future investigation. Growth of CHO ldl-D cells in the absence of galactose decreased LAMP2 levels and cholesterol accumulation. Because LAMP2 contributes significant glycan to the glycocalyx, these data are consistent with LAMP2 contributing to lysosomal cholesterol storage under these conditions. Although LAMP1 levels did not decrease in BADG-treated cells, these cells nevertheless showed decreased cholesterol accumulation coupled with LAMP1 under-glycosylation.
N-butyl-deoxynojirimycin (miglustat) is an iminosugar analog of glucose and is thought to inhibit glucosylceramide synthase that catalyzes the formation of glucosylceramide, the first step in glycosphingolipid biosynthesis. N-butyl-deoxynojirimycin has shown promise in stabilizing patients deficient in NPC1 protein function (4) and is thought to do so by decreasing glycosphingolipid accumulation in lysosomes. Another minor possibility is that the iminosugar may influence glycocalyx structure, thereby enhancing cholesterol export, albeit to a small extent. It will be of interest to monitor potential changes in the lysosomal glycocalyx upon miglustat treatment. In summary, these data suggest that glycosylation inhibitors may be of therapeutic value in patients deficient in NPC1 function. Future challenges include determining the mechanism by which cholesterol departs lysosomes after traversing the glycocalyx barrier and developing tools to specifically regulate lysosomal glycosylation.
Experimental Procedures
PFO* Purification. PFO* plasmid, kindly provided by Arun Radhakrishnan (University of Texas Southwestern, Dallas), was used to purify PFO* (19) . In brief, expression was induced in Rosetta 2 cells with 1 mM isopropyl β-p-thiogalactopyranside for 4 h at 37°C. Cells were suspended in buffer A [PBS, 10% (vol/vol) glycerol, protease inhibitors] and disrupted by Emulsiflex C-5 (Avestin). Clarified lysate was incubated with Ni-NTA (McLab) for 1 h at 4°C and after washing with buffer A + 50 mM imidazole was eluted with buffer A + 300 mM imidazole. The eluate was concentrated with an Amicon Ultra 10-kDa cutoff centrifugal filter (Millipore), exchanged into buffer A + 1 mm EDTA, and stored at 4°C. PFO* was directly conjugated to NHS ester Alexa Fluor 647 dye as per the manufacturer (Life Technologies).
Cell Culture. Wild-type "AG10803" fibroblasts and "GM30123" P237S/I1061T NPC1-deficient human fibroblasts were from Coriell Cell Repositories; CHO ldl-D cells (24) were from Bill Balch (The Scripps Research Institute, San Diego). NPC1 knockout CHO ldl-D clones were generated using CRISPR to the target sequence GGCCTTCTCATTACTTGCAGGGG in exon 4 found using CRISPy (30) . Guide sequence cloned into PX458 was transfected into CHO ldl-D cells using FuGene 6 (Promega). Single cells positively transfected and expressing GFP were sorted by flow cytometry and after amplification were validated by immunoblot. HeLa cells were depleted of NPC1 using siRNA from Dharmacon at 50 nM for 72 h with N-Ter Nanoparticle siRNA transfection reagent (Sigma-Aldrich). Cell monolayers were maintained in DMEM or MEM α supplemented with 7.5% (vol/vol) FBS, 100 units/mL penicillin, 100 units/mL streptomycin in 5% CO 2 at 37°C.
Immunofluorescence. Cells grown on coverslips were fixed with 3.7% (vol/vol) paraformaldehyde for 15 min at room temperature. [For PFO* labeling, they Maximum intensity projections were generated using softWoRx 4.1.0 software (Applied Precision) for PFO* stained cells.
Cholesterol Accumulation Quantification by Microscopy. Images were acquired as described above. Quantification of cholesterol accumulation, indicated by filipin or PFO* staining, was done using CellProfiler (18) . In brief, nuclear objects were segmented based on Topro-3 or DAPI staining using a "mixture of Gaussian" method or Otsu thresholding, respectively; lysosomal objects were segmented based on LAMP1 or PFO* staining using Otsu thresholding; cell objects were segmented using distance -B on previously detected nuclear objects. The mean background filipin intensity, measured from the cholesterol excluding nuclear objects, was subtracted from total filipin intensity values. The mean filipin intensity across lysosome objects, lysosomal size, total PFO* intensity in PFO* objects, and PFO* object size was measured and the mean of these is presented ± SEM.
Cell Sorting. All steps were at room temperature. Cells were trypsinized and fixed as described above. Cells in PBS were then analyzed using a BD Bioscience LSRII UV flow cytometer (filipin) or FACScan Analyzer (PFO*).
Immunoblot Analysis. Antibody binding was performed using 1 μg/mL rabbit anti-LAMP1, ∼1 μg/mL rabbit anti-NPC1 (Novus Biologicals), and mouse anti-CHO LAMP2 antibody culture supernatant (1B35, from Ira Mellman, Genentech, South San Francisco, CA). Bound antibodies were visualized using chemiluminescence (ECL Pierce Thermo Scientific or ECL Plus Amersham Bioscience) using a dilution of 1:4,000 anti-rabbit or anti-mouse IgG conjugated to horseradish peroxidase (Bio-Rad).
Determination of Cholesterol in Purified Lysosomes. NPC1-deficient human fibroblasts were treated with DMSO or 3 mM BADG for 72 h. Cells were swollen in 10 mM Hepes, pH 7.4 for 10 min and broken by resuspension in 10 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM ATP, 4 mM MgCl 2 , 1 mM EDTA, plus protease inhibitors followed by passage through a 22-gauge needle. Nuclei and unbroken cells were removed by centrifugation at 3,000 × g for 5 min. The supernatant was centrifuged in a Beckman TLA100.2 rotor for 15 min at 95,000 rpm; the pellet was resuspended in 10 mM Hepes, 2 M sucrose, pH 7.4, and layered onto a discontinuous sucrose gradient containing 500 μL 2 M, 750 μL 1.7 M, and 700 μL 0.5 M sucrose. Gradients were centrifuged in a TLS55 rotor for 1 h at 50,000 rpm; membranes at the 0.5 M and 1.7 M sucrose interface were collected as lysosomes. Total cholesterol content was determined using an Amplex Red Cholesterol Assay Kit (Invitrogen) according to the manufacturer and is reported per microgram of protein, determined using Advanced protein assay reagent (Cytoskeleton).
Cholesterol Ester Formation. Wild-type and NPC1 −/− CHO ldl-D cells were cultured in MEM alpha (Gibco) with 7.5% (vol/vol) FBS and 100 μM combined from two independent experiments carried out in duplicate; error bars, SEM. P value (0.0025) was determined by unpaired, two-tailed t test.
